GTPase Signaling: Bridging the GAP between ARF and Rho  by Santy, Lorraine C & Casanova, James E
GTPase Signaling: Bridging the GAP
between ARF and Rho
Dispatch
Lorraine C. Santy and James E. Casanova
Membrane traffic and actin cytoskeleton dynamics
are intimately linked, and GTPases of the Rho and
ARF families may work together to regulate both.
Recent studies have identified a family of GTPase
activating proteins (GAPs) that contain both ARF-
GAP and Rho-GAP domains, providing the first
direct link between these two signaling pathways.
Dynamic reorganization of the actin cytoskeleton is
required for a wide variety of cellular functions, includ-
ing adhesion, motility, cytokinesis, phagocytosis and
some aspects of vesicular transport. GTPases of the
Rho family — Rho, Rac and Cdc42 — are important
regulators of actin dynamics (for review, see [1]). In
most experimental systems, the active, GTP-bound
forms of Rac, Cdc42 and RhoA stimulate the forma-
tion of lamellipodia, filopodia or stress fibers, respec-
tively [2]. Importantly, Rho family GTPases may also
regulate membrane traffic; mutants of RhoA and Rac
inhibit internalization of transferrin receptors in HeLa
cells [3], while Cdc42 regulates endocytosis in imma-
ture dendritic cells [4], and polarized secretion in
MDCK cells [5].
Unlike the Rho GTPases, the ARF family of GTPases,
comprising ARF1–6, are best known for their role in
vesicular transport. Most attention has focused on
ARF1 and ARF6 function. ARF1 localizes primarily to
the Golgi complex, where it initiates carrier vesicle for-
mation by nucleating the assembly of coat protein com-
plexes [6]. In contrast, ARF6 has been localized to the
plasma membrane/endosomal system, where it regu-
lates the recycling of a subset of membrane proteins
[7]. Recent evidence indicates that ARFs also play an
important role in regulating cytoskeleton assembly.
ARF1 stimulates recruitment of the scaffolding protein
paxillin to focal adhesions [8], and activation of ARF6
leads to the disassembly of actin stress fibers and the
formation of structures resembling lamellipodia [9,10].
Similarly, expression of a dominant-negative ARF6
mutant inhibits membrane ruffling and formation of
lamellipodia in response to epidermal growth factor
(EGF), colony-stimulating factor 1 (CSF-1) and bombesin,
presumably by inhibiting the activation of Rac [11–13].
In support of this hypothesis, activation of ARF6 has
recently been found to stimulate the activation of
endogenous Rac1 in MDCK cells [14]. Together, these
findings suggest that significant crosstalk exists
between ARF and Rho family members.
GTPase activating proteins (GAPs), which stimulate
the hydrolysis of bound GTP, regulate the activities of
both Rho and ARF GTPases. Until recently, these 
proteins could be divided into two classes, each 
possessing either Rho-GAP or ARF-GAP activity, 
but not both. However, the laboratories of Paul 
Randazzo [15] and Phillip Hawkins [16] have now 
identified three new proteins, ARAP1, ARAP2 and
ARAP3, that each contain both ARF-GAP and Rho-
GAP domains (Figure 1).
An additional feature of these proteins is the pres-
ence of five pleckstrin homology (PH) domains. These
domains typically mediate the interaction of proteins
with phosphoinositides and, in fact, ARAP3 was iso-
lated on the basis of its affinity for immobilized
PtdIns(3,4,5)P3 [16]. ARAP3 binds to PtdIns(3,4,5)P3
and PtdIns(3,4)P2 with high affinity via its amino-ter-
minal PH domain [16]. Consistent with this binding
specificity, the ARF-GAP activity of both ARAP1 
and ARAP3 is dependent upon the presence of
PtdIns(3,4,5)P3 or PtdIns(3,4)P2 [15,16]. Other ARF-
GAPs, including ASAP1 [17], PAPα/PAG3 [18],
GIT1/CAT1 [19], ACAP1 and ACAP2 [20] have similar
phosphoinositide-dependent catalytic activity, although
the activating phosphoinositide species varies, and
does not always require the presence of a PH domain.
In contrast, the Rho-GAP activity of both ARAP1 and
ARAP3 is clearly phosphoinositide-independent [15,16].
What, then, is the function of the other four PH
domains? One or more of these may prove to be
involved in membrane targeting, but this remains an
important area for future study.
Like other ARF-GAPs, ARAP1, ARAP2 and ARAP3
each contain several ankyrin repeats immediately
carboxy-terminal to the ARF-GAP domain, and these
repeats may function in protein–protein interactions
(Figure 1). These proteins also have several important
structural differences. First, ARAP2 and ARAP3 contain
an additional amino-terminal protein interaction
module, a sterile-α motif (SAM), which is lacking in
ARAP1. Second, sequence analysis predicts the pres-
ence of a Ras-interacting domain in ARAP1 that is
absent in ARAP2 and ARAP3. Whether ARAP1 inter-
acts with Ras directly remains to be determined. Third,
ARAP2 contains a unique region with homology to the
switch 2 domain of the small GTPase Rab13. Finally,
and importantly, the Rho-GAP domain of ARAP2 lacks
the key catalytic arginine residue found in most GAPs
(the so-called ‘arginine finger’) and is therefore unlikely
to possess Rho-GAP activity. Although ARAP2 has not
been characterized further, ARAP1 and ARAP3 have
important functional differences. ARAP1 displayed a
clear substrate preference for ARF1 and ARF5 in vitro,
whereas ARAP3 appeared to be specific for ARF6.
Similarly, ARAP1 Rho GAP activity was directed pri-
marily towards RhoA, while ARAP3 used RhoA, Rac1
or Cdc42 without preference [15,16].
Endogenous ARAP1 localized primarily to the Golgi
complex, and could also be observed at the plasma
membrane during cell spreading. Consistent with the
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idea that ARAP1 may regulate ARF1 function at the
Golgi, overexpression of ARAP1 induced redistribution
of some, but not all, Golgi markers, suggesting that
the effects of ARAP1 were specific to subregions of
the Golgi. ARAP1 also slowed reassembly of the Golgi
after exposure to brefeldin A, a drug that inhibits ARF
activation. These actions of ARAP1 at the Golgi
required its ARF-GAP activity, but were independent
of Rho-GAP function [15]. Overexpression of ARAP1
in NIH3T3 cells also affected the actin cytoskeleton,
inducing a loss of stress fibers and cell rounding
(which required Rho-GAP activity) and increased
numbers of filopodia (which required ARF-GAP activ-
ity). Direct measurement of GTPase activation in
transfected HEK293 cells revealed a two-fold increase
in active Cdc42, consistent with the observed increase
in filopodia. Surprisingly, however, no corresponding
decrease in Rho activity was detected [15]. One plau-
sible explanation for this is that the interaction of
ARAP1 with RhoA may be highly localized, affecting
only a small fraction of the total RhoA pool.
In contrast, ARAP3 did not localize to the Golgi, but
was instead diffusely cytosolic in resting cells. Asso-
ciation of ARAP3 with the plasma membrane was
enhanced by agents that increase cellular levels of
PtdIns(3,4,5)P3, such as EGF and platelet-derived
growth factor (PDGF). This translocation was inhibited
by the phosphatidylinositol 3-kinase inhibitor wort-
mannin, suggesting that plasma membrane localiza-
tion of this protein is mediated by direct binding to
PtdIns(3,4,5)P3. Overexpression of ARAP3 in resting
cells led to a reduction in the number of stress fibers,
and a dramatic reduction in membrane ruffling induced
by PDGF, which could be reversed by mutation of the
amino-terminal PH domain, or simultaneous mutation
of both ARF-GAP and Rho-GAP domains. Mutants
lacking either ARF-GAP or Rho-GAP activity also
inhibited membrane ruffling, but less potently than
double mutants, suggesting that both ARF6 and a Rho
family member (presumably Rac) act cooperatively in
this process [16]. This is consistent with our recent
observations that ARF6 and Rac function in a signal-
ing cascade leading to the formation of lamellipodia in
MDCK cells [14].
Together, these observations suggest that the
ARAPs can directly couple phosphoinositide signaling
to both vesicular transport and organization of the
actin cytoskeleton. However, numerous questions
remain to be answered. What is the substrate speci-
ficity of these proteins in vivo? Why so many PH
domains, and what role does each play in ARAP func-
tion? Does the Rho-GAP domain of ARAP1 function in
any aspect of Golgi transport? Does ARAP2 serve as
a Rho effector rather than a GAP? These two reports
provide a solid foundation from which to pursue the
answers to such questions.
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Figure 1. Domain organization of ARF
GAP family members. 
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at bottom. Abbreviations: Ras Assoc,
putative Ras-association domain; SAM,
sterile-α motif; RabHD, Rab13 homology
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